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Abstract The effect of smoke and smoke-derived bute-
nolide in releasing dormancy of caryopses (referred to as
seeds) of the economically important weed Avena fatua L.
was studied. Seeds of A. fatua are dormant after harvest. Both
smoke-water and butenolide, applied continuously, removed
dormancy in darkness at 15, 20 and 25C and slightly at
30C. Butenolide was very active at a concentration of 10-8
M. Butenolide at 10-8 M was also able to remove dormancy
at 20C when applied for 12 or 24 h at 4C or for 3 to 24 h at
20C. Sensitivity to butenolide decreased with longer pre-
incubation times in water. This compound was less effective
in releasing dormancy in the light than in darkness. Dor-
mancy release by butenolide involves induction of cell-cycle
activity just before coleorhiza protrusion. Stimulatory
effects of smoke-water and butenolide were also observed in
respect of seedling growth and vigor.
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Introduction
Avena fatua L. is an important and widespread weed in the
world. It is a persistent weed with a combination of
dormancy and seed longevity which allow viable seeds to
infest agricultural soils for several years (Naylor 1983).
Seeds of some lines of A. fatua are dormant and others non-
dormant (Adkins et al. 1986). Dormancy can be associated
with the testa, pericarp and/or embryo (Adkins and Peters
2001). The temperature optimum for germination of non-
after-ripened dormant seeds is 4–12C, with little germi-
nation occurring between 20 and 24C. Non-dormant seeds
germinated over a wide temperature range of 4–24C
(Naylor and Fedec 1978). Various physical and chemical
factors can affect the dormancy state of A. fatua seeds.
Dormancy in these seeds can be released by dry storage at
temperatures from 25 to 40C (Foley 1994). Light promoted
the germination of partially dormant seeds but had no effect
on fully dormant seeds (Hilton and Bitterli 1983). Primary
dormancy may also be alleviated by gibberellic acid (Adkins
et al. 1986). Ethephon did not affect germination of freshly
harvested A. fatua seeds but stimulated germination of par-
tially after-ripened seeds (Adkins and Ross 1981). Avena
fatua seeds have been used in many studies as a model to
study dormancy in order to better understand the dormancy
state of grass seeds and to develop new strategies of weed
control in the soil seed bank.
Smoke derived from burning plant material and smoke-
water, obtained by bubbling smoke through water effectively
stimulates the germination of seeds of many plant species
from fire-prone areas of South Africa, Australia and Cali-
fornia and also from fire-free environments including arable
weeds and crop plants such as lettuce, celery and red rice
(Brown 1993; Brown and Van Staden 1997; De Lange and
Boucher 1990; Light et al. 2009). Smoke applied to seeds
also markedly improves seedling growth of both fire-sensi-
tive and non-fire-sensitive seeds. Although the role of smoke
in releasing dormancy, germination and seedling growth has
been studied since 1990 it was only in 2004 that a
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germination-active compound, a butenolide, was identified
from plant-derived smoke (Van Staden et al. 2004) and
burned cellulose (Flematti et al. 2004). The discovery of this
butenolide created the possibility of studying the physio-
logical roles of new natural compounds and allowing a better
understanding of the role of smoke in releasing dormancy
and seed germination from soils. Seeds responding to smoke
are usually also sensitive to the butenolide. In comparison to
smoke, the butenolide was found to stimulate a broader range
of weed species (Daws et al. 2007). This is comprehensible
since smoke contains several thousand compounds (Maga
1988) some of which may inhibit germination. Both smoke
and butenolide can enhance seedling growth of arable weed
species (Daws et al. 2007) and improve seedling vigor of
Oryza sativa and Dioscorea dregeana (Kulkarni et al. 2006,
2007). Likewise, both smoke and butenolide enhanced
seedling growth of crop plants such as tomato, bean, okra and
maize (Van Staden et al. 2006).
The commercially available smoke-water ‘‘Seed Star-
ter’’ stimulated germination of A. fatua (Adkins and Peters
2001). Smoke-water only slightly removed dormancy of
the seeds at harvest. It had a greater capacity to overcome
dormancy in partly after-ripened than in freshly harvested
seeds. Stevens et al. (2007) observed that both smoke-water
and butenolide stimulated germination of freshly harvested
but only partially that of dormant seeds of A. fatua from
Australia. In another study, smoke-water inhibited germi-
nation but butenolide only partially stimulated germination
of dry stored A. fatua seeds collected in the United King-
dom (Daws et al. 2007).
The aim of the present study was to examine the
importance of butenolide in releasing deep dormancy in
A. fatua seeds collected in Poland. To achieve this aim,
smoke containing butenolide and pure butenolide were
applied continuously during incubation at various temper-
atures. Butenolide was also used during different periods of
imbibition at 4 or 20C and after different times of imbi-
bition in water. The sensitivity of seeds to smoke water and
butenolide was compared in darkness, constant and alter-
nating light. Since breaking dormancy in seeds may induce
an increase in nuclear DNA replication in the radicle tip
(Groot et al. 1997) the effect of butenolide on cell-cycle
activity in cells before coleorhiza protrusion was deter-
mined using flow cytometry. Effect of smoke and buteno-
lide on seedling vigor was also recorded.
Materials and methods
Plant material
Avena fatua caryopses (seeds) were collected in Poland
near Szczecin at the time of natural dispersal in July 2007.
Seeds were dried at room temperature for 7 days and then
stored at -20C until required.
Preparation of smoke-water and isolation of butenolide
Smoke-water was generated by burning Themeda triandra
in a standard beekeeper’s smoker. The smoke was bubbled
through distilled water in a glass jar until the water was
yellow in colour. The butenolide (3-methyl-2H-furo[2,3-c]
pyran-2-one) was isolated, purified and identified from
smoke-water as described by Van Staden et al. (2004).
Incubation of seeds in presence of smoke-water
or butenolide
Primary dormant seeds were dehulled (palea and lemma
removed). Seeds, 25 in each of three replicates, were
incubated in darkness in Petri dishes (60 mm) on Whatman
No. 1 filter paper moistened with 1.5 ml distilled water or
butenolide solution. Seeds were incubated in darkness at
15, 20, 25 and 30C continuously in the presence of smoke-
water (1:10,000, 1:1,000, 1:100 v/v) or butenolide solution
(10-10, 10-9, 10-8, 10-7 M). All manipulations were
performed under a green safe light at 2 lmol m-2 s-1,
which had no effect on germination. In all experiments
coleorhiza protrusion was used to determine germination.
Preincubation in butenolide or water before transfer
to water or butenolide, respectively
Seeds were preincubated at 4C for 6, 12 and 24 h in the
presence of 10-9 and 10-8 M or at 20C for 3, 6, 12 and
24 h in presence of 10-8 M butenolide. Seeds were then
transferred to darkness at 20C on filter paper moistened
with distilled water. In a reverse experiment, seeds were
preincubated in water for 6, 12, 24, 48, 72 or 120 h before
transfer to 10-8 M butenolide.
Incubation of seeds in butenolide and in darkness,
continuous or alternating light
Seeds were incubated in water and butenolide (10-8 M) in
darkness and constant light at 8 lmol m-2 s-1 at 20C in
the same incubator. In another experiment, seeds were
incubated in the same incubator in water or butenolide in
darkness or light at 50 lmol m-2 s-1 with a 16 h photo-
period. The number of germinated seeds was scored after
5 days from the start of incubation. Germination in dark-
ness was similar in both incubators.
Flow cytometric analysis
Nuclear DNA contents of radicle and coleorhiza cell tips
were determined using flow cytometry. For cell-cycle
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activity determination, 5 replicates of 25 seeds were incu-
bated at 20C for 0, 18, 24 and 30 h in darkness in distilled
water or 10-8 M butenolide. Radicles (25) with coleorhiza
were isolated from imbibed seeds by cutting of the testa and
chopping them with a razor blade into 2 ml of a nucleus-
isolation buffer (45 mM MgCl2, 30 mM sodium citrate,
20 mM MOPS, 0.1% Triton X-100 and 2 lg/ml DAPI)
(Galbraith et al. 1983) for 2 min and incubated for 10 min at
room temperature. After this time the suspension was passed
through a 20 lm nylon mesh. The DAPI-stained nuclei were
analyzed using a Partec PAII flow cytometer (Partec GmbH,
Germany). The populations of 2 and 4C nuclei were mea-
sured using 10,000 nuclei.
Seedling growth
Three replicates of 25 seeds each in Petri dishes, in water,
smoke-water (1:10,000, 1:1,000 v/v) or butenolide (10-10,
10-9, 10-8 M) in 3 replicates, were incubated at 15, 20 and
25C in darkness. For a control at 20 and 25C, 6 replicates of
25 seeds were used. After 5 days five seedlings from each
Petri dish were selected and the length of the longest cole-
optile and root were measured and fresh seedling weight was
determined. Seedling vigor index was calculated as coleoptile
length (cm) ? longest root (cm) 9 percentage germination.
Statistical analysis
The average ± standard deviation (SD) of three indepen-
dent samples of 25 seeds each are presented. Data were
analyzed using one-way and two-way ANOVA (Statistica
for Windows ver. 8.0, StatSoft Inc., Tulsa, Oklahoma,
USA) to determine statistical differences between mean
values (P \ 0.05). Treatment means were then separated
by Duncan’s multiple-range test. Similar results were
obtained in two independent experiments.
Results
Germination in presence of smoke-water
and butenolide at various temperatures
Germination of seeds from freshly harvested A. fatua
depended on temperature (Fig. 1a, b). At the lowest tem-
perature, 15C, about 30 to 40% of the seeds were able to
germinate. However, little germination occurred at tem-
peratures from 20 to 25C. Germination percentage at these
temperatures was between 20 and 10%, respectively. At
30C, seeds did not germinate. The smoke solution was an
effective stimulator of germination at temperatures of 15
and 20C (Fig. 1a). Application of smoke solution at a
dilution of 1:1,000 or 1:100 caused complete seed
germination at these temperatures. Smoke at the highest
dilution was less active than at higher concentrations
especially at 25C, although up to 50% of the seeds still
germinated. However, at 30C it was not so effective as at
lower temperatures. Only slightly more than 20% of the
seeds germinated, even using the highest smoke-water
concentration (1:100). Butenolide also effectively stimu-
lated germination at a range of temperatures from 15 to
30C, the effect being dependent on concentration
(Fig. 1b). At the lowest concentration used (10-10 M)
germination was only slightly stimulated at 20C. How-
ever, increasing the concentration of this compound 10 fold
(10-9 M) resulted in 80% germination at 15C. Increasing
the temperature decreased germination percentage; 70, 50
and 0% germination at 20, 25 and 30C, respectively.
Butenolide at 10-8 M caused complete germination while
at 15, 20 and 25C germination was high. When the highest
concentration of butenolide (10-7 M) was used all seeds
germinated at 15, 20 and 25C. At 30C, the highest
temperature used, butenolide at 10-8 and 10-7 allowed 40
and 20% of seeds to germinate, respectively (Fig. 2).
Germination after transfer from butenolide to water
and from water to butenolide
Preincubation at 4C for 6 or 12 h in 10-9 M butenolide
did not affect germination, but 24 h of incubation resulted
in about 60% germination. Seeds preincubated for 12 or
Fig. 1 The effect of smoke-water (a) or butenolide (b) on the
germination of A. fatua seeds after 5 days of incubation at 15, 20, 25
and 30C. Vertical bars indicate ± SD. Two-way ANOVA with the
Duncan post hoc test was used to determine significant differences.
Mean values with different letters (a–j) are significantly different
(P \ 0.05)
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24 h at 10-8 M butenolide reached about 60% or 80% ger-
mination, respectively (Fig. 2). To determine the time
requirement for treatment with butenolide seeds were pre-
incubated in the presence of this compound (10-8 M) at 20C
for 3, 6, 12 or 24 h and then transferred to water at 20C
(Fig. 3a). Pretreatment with butenolide for 3, 6, 12 or 24 h
caused about 45, 60 or 95% of germination, respectively. In a
reverse experiment the effect of 10-8 M butenolide on ger-
mination of seeds preincubated in water was determined
(Fig. 3b). The stimulatory effect of butenolide decreased
with increasing periods of imbibition in water. Seeds pre-
incubated 6 to 24 h in water germinated almost completely.
Germination in presence of smoke-water or butenolide
in darkness or light
Seeds were incubated in the presence of 1:1,000 smoke-
water or 10-8 M butenolide at 20C in darkness, constant
light at 10 lmol m-2 s-1 or 50 lmol m-2 s-1 at a 16 h
photoperiod (Fig. 4). Both smoke-water and butenolide as
in the previous experiment allowed almost all seeds to
germinate in darkness. However, in light smoke-water and
butenolide were much less effective. Butenolide caused
60% germination at 10 lmol m-2 s-1 and 35% at
50 lmol m-2 s-1. Smoke-water increased germination
under both light conditions up to about 20%.
Nuclear DNA content in radicle and coleorhiza tips
of seeds incubated in smoke-water or butenolide
In dry seeds most of the cells in radicle and coleorhiza tips
were arrested in the G1 phase of the cell cycle (Fig. 5).
Imbibition of dormant seeds in water for up to 30 h, before
coleorhiza protrusion in butenolide-treated seeds, did not
affect percent of nuclei in G1, S and G2. Butenolide
decreased the number of nuclei in G1 about two-fold and
increased it by a factor of 6 and 3 in phase S and G2,
respectively. Imbibition in water up to 30 h did not influ-
ence the G2/G1 ratio. Butenolide only increased the number
of nuclei five fold and the G2/G1 ratio prior to coleorhiza
protrusion after 30 h of imbibition.
Effect of smoke or butenolide on growth of seedlings
Five days after placing seeds in water, smoke-water solu-
tions or butenolide at various concentrations, growth of the
Fig. 2 The germination of A. fatua seeds at 20C, preincubated at
4C for different periods in the presence of different concentrations of
butenolide. Percentage germination did not change up to 7 days.
Vertical bars indicate ± SD. Two-way ANOVA with the Duncan
post hoc test was used to determine significant differences. Mean
values with different letters (a–d) are significantly different
(P \ 0.05)
Fig. 3 The germination of A. fatua seeds at 20C, preincubated at
20C for different periods in the presence of 10-8 M butenolide (a) or
preincubated in water before transfer to butenolide (b). Percentage
germination did not change up to 7 days. Vertical bars indi-
cate ± SD. Two-way ANOVA with the Duncan post hoc test was
used to determine significant differences. Mean values with different
letters (a–d) are significantly different (P \ 0.05)
Fig. 4 The effect of smoke-water and butenolide on the germination
of A. fatua seeds at 20C in the dark or light. Vertical bars
indicate ± SD. Two-way ANOVA with the Duncan post hoc test was
used to determine significant differences. Mean values with different
letters (a–d) are significantly different (P \ 0.05)
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coleoptile, root length, fresh weight and vigor index were
estimated (Fig. 6). Smoke and butenolide only slightly
increased coleoptile growth at 15C. At 20 and 25C both
treatments markedly increased coleoptile and root length.
Smoke-water and butenolide increased the vigor index at
all temperatures. The best effect was observed at 20 and
25C when the highest concentration of smoke-water or
butenolide were used and the vigor index increased seven
fold.
Discussion
Freshly harvested seeds of A. fatua were considered as
being primary dormant as they germinated poorly at tem-
peratures from 20 to 30C, reaching values less than 20%.
This dormancy was completely released at temperatures
below 30C by smoke-water. Previous results showed that
smoke-water caused total germination of partially dormant
A. fatua seeds (Adkins and Peters 2001; Ke˛pczyn´ski et al.
2006). Butenolide was a very active dormancy breaking
factor at very low concentrations (10-8 M) and could
remove completely or partially deep dormancy in seeds at
15–25C. Fully dormant seeds of A. fatua were more
sensitive to butenolide than partially dormant seeds from
the United Kingdom (Daws et al. 2007) and Australia
(Stevens et al. 2007). Similar effects of smoke-water and
butenolide on seed germination were observed in
experiments with Asteraceae (Merritt et al. 2006) and some
agricultural plants (Daws et al. 2007; Stevens et al. 2007).
This suggests that butenolide, isolated from plant or cel-
lulose-derived smoke (Van Staden et al. 2004; Flematti
et al. 2004) is responsible for the smoke effect on seeds of
several plant species and also on seeds of the weed
A. fatua. Seeds of some species may respond differently to
butenolide and smoke, since smoke contains, apart from
butenolide, many other compounds (Light et al. 2009). The
comparative effects of smoke and butenolide on seed ger-
mination at various temperatures indicates that sensitivity
to these stimulants decreased with increasing temperature.
Dormancy in seeds can also be broken by butenolide
application for 12 or 24 h at 4C. Likewise, preincubation
for 6 to 12 h or 24 h at 20C removed dormancy in more
than 60% or all seeds. These results indicate that contin-
uous presence of this compound is not necessary for
releasing dormancy. A previous study showed that soaking
of non-dormant tomato seeds in butenolide solution for
24 h was sufficient to improve germination and vigor (Jain
and Van Staden 2007). Results obtained with A. fatua seeds
allows us to suggest that smoke produced under natural
conditions may affect germination when available for short
durations at both low or higher temperatures. Prolonged
preincubation in water before transfer to butenolide
reduced its stimulatory effect, thus it decreased sensitivity
of seeds to this compound suggesting that imbibed seeds in
the soil probably may have limited sensitivity to smoke.
Stimulatory effects of smoke and butenolide were light
dependent, with constant light at 10 lmol m-2 s-1 and a
16 h photoperiod at 50 lmol m-2 s-1 decreasing sensi-
tivity to smoke and butenolide. Butenolide was more
effective than smoke as a dormancy breaking factor under
constant light conditions and photoperiod. It might be
associated with interaction of compound(s) from smoke
with light. Both smoke and butenolide were able to par-
tially or fully replace the light requirement in lettuce (Van
Staden et al. 2004) and Australian Asteraceae seeds
(Merritt et al. 2006).
Dormant A. fatua embryos are arrested in G1. The qui-
escent embryos of some species have cells arrested in G0 or
G1 and others at S or G2 (Groot et al. 1997). Replication of
DNA in dormant A. fatua seeds was blocked since the
number of nuclei in phase G2 did not increase. Breaking
dormancy by butenolide is associated with an increasing
number of nuclei at S and G2 and an increasing ratio G2/G1
just before coleorhiza protrusion. Butenolide also enhanced
both germination and percentage of number of nuclei in
non-dormant tomato seeds (Jain and Van Staden 2007).
Smoke and butenolide improved seedling establishment
particularly at 20 and 25C. The stimulatory effect on roots
and coleoptiles increased with increasing temperature.
Both smoke and butenolide effectively increased seedling
Fig. 5 The effect of butenolide on the nuclear DNA content (a) and
G2/G1 ratio (b) of A. fatua coleorhiza tip cells. Vertical bars
indicate ± SD. Two-way ANOVA with the Duncan post hoc test was
used to determine significant differences. Mean values with different
letters (a–c) are significantly different (P \ 0.05)
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fresh weight and the vigor index at all temperatures.
Improved shoot and root growth and seedling vigor due to
smoke or butenolide treatment were also observed in rice
(Kulkarni et al. 2006), tomato (Jain and Van Staden 2006)
and Acacia (Kulkarni et al. 2007).
These results indicate that the effect of smoke on
breaking deep primary dormancy of A. fatua seeds in
darkness at temperatures from 15 to 25C is associated
with the butenolide present in smoke. This compound can
be used as a dormancy breaking agent at low concentra-
tions such as 10-8 M continuously or for only 12 or 24 h at
4C or 20C. Activity of butenolide was lower in light than
in darkness. Breaking dormancy of A. fatua seeds by but-
enolide involves cell-cycle activation. Effect of smoke or
butenolide applied continuously during seed incubation in
the dark was manifested in increased coleoptile growth,
root growth and seedling vigor.
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